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ARC STABILITY AND MELTING CHARACTERISTICS OF WELDING 
WIRE FOR USE WITH 2219 ALUMINUM ALLOY PLATE 
BY 
J. H. Dudas 
***** 
ABSTRACT 
Two new experimental 2319-type e l ec t rodes ,  ~ 7 8 8  (2319 + .25 zn)  
and ~ 7 8 9  (2319 + 1.0 Zn) were developed t o  provide a wider range of 
stable a r c  l e n g t h  and a r c  voltage than 2319 f o r  gas metal-arc ( M I G )  
welding 2219 p l a t e .  They permit a s table  a r c  t o  be maintained w i t h  
less  p r e c i s e  con t ro l  of  w e l d  condi t ions  and a more favorable  bead 
shape and s i z e  during out-of-posi t ion welding. Welds w i t h  these 
f i l l e r s  were equal t o  o r  b e t t e r  than  2319 welds i n  t e n s i l e  s t r e n g t h ,  
freedom from cracking, and e lec t rochemica l  p o t e n t i a l  i n  the weld 
a 
zone. 
E l e c t r o p l a t i n g  2319 f i l l e r  w i r e  w i t h  z inc  improved a r c  
s t a b i l i t y  but  i n t e r f e r e d  w i t h  c u r r e n t  flow f r o m  t h e  con tac t  tube 
t o  t h e  e l ec t rode .  P l a t i n g  was more c o s t l y  than a l loy ing .  
Zinc was p r e f e r r e d  t o  cadmium, magnesium, o r  calcium a s  a 
s t a b i l i z i n g  a d d i t i o n  because cadmium generated t o x i c  fumes during 
welding, and magnesium and calcium s i g n i f i c a n t l y  increased 
s u s c e p t i b i l i t y  t o  hot -shor t  weld cracking. 
2319-type e l e c t r o d e  modified by lowering t h e  copper conten t  
o r  adding s i l i c o n  o r  beryll ium d i d  not  have s i g n i f i c a n t l y  improved 
a r c  s t a b i l i t y .  S t rength  and d u c t i l i t y  of welds were decreased by 
these composition modifications.  
Solu t ion  hea t  t r e a t i n g  2319 e l e c t r o d e  reduced CuA12 p a r t i c l e s  
i n  the  wire micros t ruc ture  b u t  d i d  not  s i g n i f i c a n t l y  improve a r c  
s t a b i l i t y .  P 
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INTRODUCTION 
Aluminum i s  an a t t r a c t i v e  ma te r i a l  f o r  s t r u c t u r a l  components 
of l a r g e  space veh ic l e s  because strength-to-weight r a t i o  i s  high 
and se l f - suppor t ing  s t r u c t u r a l  r i g i d i t y  is  achieved. Among the 
high s t r e n g t h  aluminum a l loys  2219 (Al-Cu) provides  the ease  of 
welding and e x c e l l e n t  cryogenic performance needed t o  meet t h e  
p r e c i s e  engineer ing demands o f  aerospace. Because of t h e s e  out-  
s t and ing  f e a t u r e s ,  2219 a l loy  and i t s  companion f i l l e r ,  2319, have 
been s e l e c t e d  f o r  welded fue l  tankage assemblies i n  t h e  Saturn S-IC 
vehic le .  
Experience a t  Marshall Space F l i g h t  cen te r  has  shown tha t  
f o r  gas m e t a l a r c  welding (MIG), 2319 e l ec t rode  does not  maintain 
a s table  a r c  over as wide a range o f  welding condi t ions  as e l e c t r o d e s  
of the  5000 Al-Mg series. As a r e s u l t  it is d i f f i c u l t  t o  achieve 
d e s i r e d  bead conf igura t ion  and uniform weld pene t r a t ion ,  p a r t i c u l a r l y  
for welds i n  the  ho r i zon ta l  and v e r t i c a l  p o s i t i o n s .  Because of 
l i m i t e d  2319 a r c  s t a b i l i t y ,  the advantages of  t he  M I G  process  have 
not  been f u l l y  u t i l i z e d  f o r  welding 2219 p l a t e .  
The ob jec t  of t h i s  i n v e s t i g a t i o n  was t o  examine a r c  s t a b i l i t y  
and melt ing c h a r a c t e r i s t i c s  o f  2319 e l e c t r o d e  used f o r  gas metal- 
a r c  welding 2219 p l a t e  and t o  improve a r c  c h a r a c t e r i s t i c s  by one 
o f  the fol lowing means: (1) h e a t  t r e a t  t he  e l e c t r o d e ,  ( 2 )  coa t  
t h e  w i r e  su r f ace  w i t h  a s t a b i l i z i n g  element, o r  ( 3 )  modify the  
2319 chemical composition. 
MATERIALS AND EQUIPMENT 
The f i l l e r  metals included standard composition, 1/16-in. 
diameter e l ec t rodes  2319, 1100, 2014, 4043, 4145 and 5556, and 
e l e c t r o p l a t e d  2319 and modif ied 2319-type compositions. The p l a t e  
alloy was 1/2-in. 2219. Table I l i s t s  the compositions of t h e s e  
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a l l o y s  and the t e n s i l e  p rope r t i e s  of the e lec t rodes .  
Equipment f o r  gas  metal-arc welding cons is ted  of :  
1. Linde SVI 500 constant  p o t e n t i a l  DC power supply 
( v a r i a b l e  s lope  and inductance) .  
2. Aircomatic f i l l e r  wire feeder ,  Model AHF-Cy and 
Model AHF-B control .  
3. Aircomatic p u l l  gun Model AH-35A. 
4. Airco No. 20 radiograph. 
5. 36-in. welding t a b l e  with grooved copper backup. 
Welding cur ren t  and vol tage were recorded on E s t e r l i n e  Angus 
Model AW instruments.  Shielding gases  were Linde high p u r i t y  dry 
(99.995 per cent ) argon and Airco Grade A helium. 
TEST PROCEDURES 
A. Arc Charact- i s t i c s  
Arc s t a b i l i t y  and melting c h a r a c t e r i s t i c s  were evaluated while 
depos i t i ng  weld beads on 1/2 x 6 x 24-in. 2219 plate. The p l a t e  
su r face  was prepared by etching i n  5 per cent c a u s t i c  and 10 per 
cent  n i t r i c  so lu t ions .  Welds were made e i ther  i n  the  f l a t  o r  
h o r i z o n t a l  p o s i t i o n s  with completely automatic procedures, using 
the following welding conditions,  un less  modified t o  s tudy  the  
e f f e c t  of a p a r t i c u l a r  va r i ab le  : 
1. 60 cu ft/hr ar  on s h i e l d i n g  gas  (5/8-in. diameter 
2. 25 in./min t r a v e l  speed. 
3 .  1/2-in. gas cup-to-work d is tance .  
4. 5/8-in. contac t  t ip-to-work d is tance .  
5. 5" t o r c h  l e a d  angle 
6. 
nozzle o r i f i c e  7 . 
Zero s lope  and inductor  s e t t i n g s .  
Welding cu r ren t  was var ied  wi th in  the range o f  200-350 amps 
by a d j u s t i n g  the  e l ec t rode  feed rate. Arc vol tage,  con t ro l l ed  by 
tu rn ing  a crank on the  power u n i t ,  was measured between the 
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welding to rch  contac t  tube and ground connection terminal .  
Because no s lope o r  inductance was added, the  machine funct ioned 
as a nea r ly  constant  p o t e n t i a l  u n i t .  
Arc c h a r a c t e r i s t i c s  were r a t e d  by v i sua l  observat ion and by 
s tudying  the ampere-volt cha r t s .  A n  o p t i c a l  instrument was used 
f o r  viewing the a r c  on a c a l i b r a t e d  screen a t  a magnif icat ion o f  
2X. When mounted on t h e  welding to rch  t r a v e l  mechanism, it per- 
m i t t e d  metal t r a n s f e r  c h a r a c t e r i s t i c s  t o  be c l o s e l y  examined and 
v i s i b l e  a r c  length* t o  be measured within 1/16 in .  and est imated 
t o  1/32 inch. 
B. Weld Cracking 
Figure 1 is a photograph o f  the welding se tup .  
Weld crack s e n s i t i v i t y  f o r  var ious  f i l l e r  a l l o y s  was determined 
with the Alcoa weld cracking test.' T h i s  t es t  measures t h e  amount 
of l ong i tud ina l  c racking  i n  the f i l l e t s  of an inve r t ed  T-specimen 
having a 1/2 x 4 x 10-in.  v e r t i c a l  m e m b e r  and a 1 x 4 x 10- in .  
base m e m b e r .  A photograph of a t y p i c a l  t e s t  specimen i s  shown i n  
Figure 2. The specimen is manually welded by t h e  gas tungsten 
a r c  process ,  employing a welding cu r ren t  o f  300 amperes and an 
argon f l o w  of 50 cu ft/hour. 
Two v a r i a t i o n s  of t h i s  cracking t e s t  may be employed--the 
"continuous bead" and the  more severe discontinuous o r  " i n t e r -  
m i t t e n t  bead" t e s t .  The continuous t e s t  is  employed t o  eva lua te  
base metal/filler a l l o y  combinations having a moderate o r  high 
s u s c e p t i b i l i t y  t o  cracking and the discont inuous t e s t  f o r  
combinations having a low tendency toward cracking. 
C.  Mechanical T e s t s  
Tens i le  p r o p e r t i e s  of welds i n  1/2-in. 2219 p l a t e  were 
e l ec t rode  t i p  and t h e  top  o f  the work p l a t e .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
*Arc l eng th  w a s  def ined a s  the  observed d i s t ance  between the 
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determined f o r  s e l e c t e d  f i l l e r s  by standard weld t e n s i l e  tests.  
Figure 3 i l l u s t r a t e s  the design f o r  b o t h  f u l l  s e c t i o n  (bead o n )  
and reduced s e c t i o n  (bead o f f )  specimens. Welds were n o t  t e s t e d  
that  d i d  not  e x h i b i t  X-ray soundness a t  l e a s t  as good as Class 2 
ABMA-PD-R-27. 
D. Corrosion Resistance 
Weld cor ros ion  performance was p red ic t ed  by measuring t h e  
electrochemical  p o t e n t i a l  of the var ious weld zones i n  2219 p l a t e .  
Solu t ion  p o t e n t i a l  surveys were conducted i n  a s o l u t i o n  of 53 gm 
NaC1, 3 gm H202 per  l i t e r  of d i s t i l l e d  water.  Se lec ted  a reas  were 
measured by masking the remainder of the  specimens w i t h  wax before  
immersion. The r e fe rence  e l ec t rode  was 0.10 normal calomel. 
PRELIMINARY RESULTS 
A. Melting c h a r a c t e r i s t i c s  of  Commercial Aluminum Elec t rodes  
I n i t i a l l y  var ious standard aluminum a l l o y  e l e c t r o d e s  were 
evaluated t o  compare a l l o y  melting c h a r a c t e r i s t i c s  and a r c  s t a b i l i t y .  
Included i n  the  group were 2319 (Al-Cu), 1100 ( A l ) ,  4043 (Al-Si ) ,  
5556 ( A1-Mg) , 2014 ( Al-Cu-Mg) , and 4145 ( Al-Si-Cu) a l l o y s .  
Melt-off r a t e s  f o r  t h e  var ious  e l ec t rodes  were compared by 
inc reas ing  the wire feed r a t e  i n  seve ra l  s t e p s  and no t ing  the  
welding cu r ren t  a t  cons tan t  a r c  vol tage.  The results are shown 
i n  Figure 4. All a l l o y s ,  except 5556, exhibited s imilar  melt-off 
r a t e s ,  as shown by the  narrow band f o r  2319, 1100, 4043, 4145, 
and 2014 e l e c t r o d e s .  5556 e l ec t rode  had a much faster melt ing 
r a t e  f o r  the same welding cur ren t .  A t  250 amps, f o r  example, 
5556 w i r e  melted o f f  a t  295 in./min compared w i t h  approximately 
225 in./min f o r  o t h e r  aluminum e lec t rodes .  
Magnesium e l e c t r o d e s  have melt-off r a t e s  more than  twice 
those of  aluminum. When alloyed with aluminum, magnesium inc reases  
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the  melt-off r a t e  i n  proport ion t o  the amount added. 
e l e c t r o d e s  t h a t  conta in  smaller amounts o f  magnesium than  5556 
(5052 and 5554 f o r  example) have a melt-off r a t e  between 5556 and 
Mg-free aluminum a l loys .  
A1-Mg 
Despite the d i f f e r e n t  melt-off r a t e  exh ib i t ed  by 5556 e l ec t rode ,  
the mode of metal t r a n s f e r  across  the a r c  during welding was q u i t e  
similar t o  o the r  aluminum electrodes.  
e l e c t r o d e s  had s i m i l a r  melting c h a r a c t e r i s t i c s  a t  any given cur ren t ,  
a l though the mode o f  metal t r a n s f e r  differed s u b s t a n t i a l l y  a t  
va r ious  cu r ren t  l e v e l s  i n  t h e  range of 200 t o  350 ampers. 
As shown i n  Figure 5, a l l  
A t  200 t o  260 amps the molten metal was t r a n s f e r r e d  ac ross  
the a r c  as a mixture of large g lobular  drops and f i n e r  d rop le t  
spray. T h i s  cu r ren t  range is approximately 75 amps above the 
t r a n s i t i o n  cu r ren t  of 125-130 amps r epor t ed  by s e v e r a l  a u t h 0 r s 3 - ~  
f o r  1/16-i11. diameter aluminum e lec t rodes .  T h e  t r a n s i t i o n  cu r ren t  
i s  the c r i t i c a l  l e v e l  of welding cu r ren t  where metal t r a n s f e r  
suddenly changes from very l a rge  g lobular  drops ( larger  than  the 
e l e c t r o d e  diameter)  detached a t  a very slow ra te  t o  a mixture of 
smaller drops and f i n e  spray t r a n s f e r r e d  a t  a higher r a t e  of 
frequency from t h e  electrode.  Welds can be deposi ted a t  a cu r ren t  
j u s t  above the t r a n s i t i o n  range, but  it is  not u n t i l  approximately 
200 amps are reached t h a t  s u f f i c i e n t  melting ra te  and arc 
s t a b i l i t y  a r e  achieved f o r  normal welding. In the range of 200-260 
amps the e l ec t rode  assumes a blunt-nosed t i p ,  and g rav i ty ,  e l e c t r o -  
magnetic pinch e f f e c t  and other f o r c e s  wi th in  the a r c  cause the 
drops to be r e l e a s e d  from the e l ec t rode  and acce le ra t ed  toward 
the  work p iece  a t  high speed. 
moderate force;  the weld bead i s  narrow but  gene ra l ly  uniform. 
The a r c  is  f a i r l y  s table  with 
T h i s  range is  d e s i r a  l e  f o r  f l a t  p o s i  
i npu t  and shallow penet ra t ion .  
ion  welds w 
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t h  low heat 
With inc reas ing  cur ren t ,  the molten drops become smaller  
and are t r a n s f e r r e d  a t  g r e a t e r  frequency. A t  approximately 260 
amps, the d r o p l e t s  become s o  s m a l l  they are no longer  v i s u a l l y  
d e t e c t a b l e  and the mode of metal t r a n s f e r  changes t o  a f i n e  spray. 
Spray t r a n s f e r  is  charac te r ized  by a pointed e l e c t r o d e  t i p ,  a 
narrow axial a r c  column, and s t r o n g  a r c  fo rce .  Weld pene t r a t ion  i s  
deep and the bead contour i s  smooth and uniform. Axial-spray a r c s  
a r e  preferred f o r  most welding a p p l i c a t i o n s  because of deeper 
p e n e t r a t i o n  and g r e a t e r  a r c  s t a b i l i t y  than globular-spray a r c s .  
They are e s p e c i a l l y  usefu l  f o r  ou t -of -pos i t ion  welding because the 
narrow a r c  column can be e a s i l y  d i r e c t e d  i n t o  ho r i zon ta l  o r  v e r t i c a l  
f i l l e t s  without a f f e c t i n g  arc  behavior. 
Above 325 amps the a r c  f o r c e  i s  s o  s t r o n g  t h a t  the a r c  becomes 
q u i t e  e r r a t i c .  The a r c  l e n g t h  v a r i e s  without change i n  vol tage o r  
c u r r e n t ,  and beads-are  not  uniform. With inc reas ing  cu r ren t  
no t i ceab le  plunging o f  the a r c  occurs.  The w i r e  t i p  i s  a l t e r n a t e l y  
extended below the p l a t e  sur face  and burned back t o  expose the  a rc .  
The bead becomes very i r regular - -be ing  composed o f  a series o f  
blackened oxide f o l d s .  This i s  the very uns tab le  condi t ion  termed 
"puckering" by B r i t i s h  authors .  5 
The range of 260 t o  325 amps provided best a r c  s t a b i l i t y  and 
deep weld pene t r a t ion  f o r  a l l  s i x  aluminum e l e c t r o d e  compositions. 
T h i s  range, however, i s  appl icable  only f o r  1/16-in. diameter 
aluminum e lec t rodes .  Other w i r e  diameters experience the  same 
genera l  melting behavior, b u t  the cu r ren t  ranges a r e  h igher  f o r  
l a r g e r  w i r e ,  l o w e r  f o r  smaller w i r e .  
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B. Arc S t a b i l i t y  - 5556 v s  2319 Elec t rodes  
Arc s t a b i l i t y  was s tudied i n  d e t a i l  f o r  5556 and 2319 e l e c t r o d e s  
i n  the ax ia l - spray  t r a n s f e r  range of 260 t o  325 amperes. 
shows t h e  r e l a t i o n s h i p  between cu r ren t  and a r c  vol tage f o r  t hese  
Figure 6 
a l l o y s  a t  w i r e  feed r a t e s  s e l ec t ed  t o  provide similar cu r ren t s .  
The c u r r e n t  increased sharply w i t h  increased vol tage  f o r  both 
e l e c t r o d e s  unti l  the  a r c  stopped s h o r t - c i r c u i t i n g  and became s t a b l e  
a t  1/8-5/32 i n .  a r c  length .  L i t t l e  f u r t h e r  cu r ren t  change was 
noted as the vol tage  was r a i sed ,  although a r c  l e n g t h  increased 
apprec iab ly .  Between about 25 and 35 v o l t s  t h e  welding cu r ren t  
remained cons tan t ,  while arc l e n g t h  increased t o  more than one inch.  
The s i g n i f i c a n t  d i f f e rence  noted f o r  the two e l e c t r o d e s  was 
the  magnitude of t h e  s t a b l e  a r c  range. 2319 e l e c t r o d e  maintained 
a stable uniform arc f o r  only a narrow range of vo l tage  (23-25 v o l t s )  
and a r c  l e n g t h  (1/8-1/4 i n . ) .  Even wi th in  t h i s  range the a r c  was 
d i f f i c u l t  t o  cont ro l  because a small change i n  machine vol tage  
s e t t i n g s  caused an appreciable  change i n  a r c  l eng th .  Above 25 
v o l t s  (1/4 i n .  a r c  l e n g t h )  the  2319 a r c  began t o  f l u t t e r  
e r r a t i c a l l y  and the  e lec t rode  melted of f  less uniformly. The a r c  
l e n g t h  a l t e r n a t e l y  increased and decreased, and s t r o n g  f l u c t u a t i o n s  
i n  cu r ren t  and vol tage were recorded. A s  t he  a r c  l e n g t h  was 
increased t o  3/8 in . ,  t he  e l ec t rode  t i p  b e n t  s l i g h t l y  and began 
t o  r o t a t e  slowly about i ts  major a x i s .  The r e s u l t i n g  weld bead 
was composed of uneven swirls having i n c o n s i s t e n t  contour and 
depth of pene t r a t ion .  
5556 e l ec t rode ,  on t h e  o t h e r  hand, maintained a s table  a r c  
o v e r  a wide range of voltage (22.5-27.5 v o l t s )  and a r c  l eng th  
(5/32-3/8 i n . ) .  Even a t  3/8-in. l e n g t h  the a r c  w a s  no t  no t iceably  
uns tab le ;  however, t h i s  value was a r b i t r a r i l y  s e l e c t e d  as the 
I pper l i m i t  
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rhere normal welding would be conducted. A t  l onge r  
a r c  l eng ths  the bead became excess ive ly  wide, metal s p a t t e r  in -  
creased,  and pene t r a t ion  was no t  a s  deep. 
Figure 7 i l l u s t r a t e s  t h e  appearance o f  welds deposi ted f o r  
2319 and 5556 e lec t rodes .  
exhibited uniform bead sur face  contour and almost no metal s p a t t e r  
a long  t h e  edges. The l a s t  1-1/2 i n .  of weld, which was no t  cleaned, 
shows t h a t  5556 e lec t rode  generated more welding dus t  than 2319. 
A black  depos i t  of f i n e l y  divided aluminum p a r t i c l e s  can be seen 
along and ad jacent  t o  the  5556 weld. Only a small amount of t h i s  
depos i t  surrounds t h e  2319 bead. 
A t  s h o r t  a r c  l eng ths  both a l l o y s  
Welds deposi ted a t  3/8-in. a r c  l eng th  are shown i n  the lower 
p o r t i o n  o f  the  f i g u r e ,  The swi r l ing ,  uneven bead deposi ted by 
2319 c o n t r a s t s  with the  uniform, smooth bead contour c h a r a c t e r i s t i c  
o f  5556 e lec t rode .  Metal spat ter  was not iceably  h igher  f o r  5556 
but  can be minimized i n  ac tua l  welding p r a c t i c e  by changing the 
s h i e l d i n g  gas composition o r  a d j u s t i n g  the c h a r a c t e r i s t i c s  of the 
power supply. These i tems w i l l  be discussed i n  o t h e r  s e c t i o n s  of 
t h i s  r e p o r t .  
C. Arc S t a b i l i t y  - 1100, 2014, 4043, and 4145 Elec t rodes  
Figure 8 compares t h e  range of stable a r c  l e n g t h  and vol tage  
f o r  1/16-in. s tandard e l ec t rode  compositions a t  270-290 amps 
welding cu r ren t .  Arc s t a b i l i t y  inc reases  i n  t h i s  o r d e r :  2319, 
1100, 4043, 4145, 2014, 5556. 1100 and 4043 e l e c t r o d e s  produced 
uns tab le  a r c s  somewhat similar t o  2319 a t  a r c  l eng ths  less  than 
3/8 inch ,  1100 had a narrow s t a b l e  range, l i k e  2319, but i t s  
range of a r c  vol tage  w a s  s l i g h t l y  wider (23.0-26.0) and more 
e a s i l y  con t ro l l ed  w i t h  machine s e t t i n g s .  The 4043 a r c  was more 
stable than  t h a t  f o r  2319 o r  1100. I n  add i t ion ,  t h e  weld d e p o s i t  
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d i d  not  e ;h ib i t  t he  s w i r l i n g  bead conf igura t ion  noted f o r  1100 
and 2319 a l l o y s .  2014 and 4145 exh ib i t ed  a wide range of stable 
a r c  l e n g t h  s imilar  t o  5556 e l ec t rode ,  although c l o s e r  con t ro l  of  
vol tage s e t t i n g s  was required,  
Weld beads deposi ted with the var ious e l e c t r o d e s  a t  3/8-in. 
a r c  l e n g t h  are i l l u s t r a t e d  i n  Figure 9. Arc s t a b i l i t y  and bead 
contour gene ra l ly  were b e t t e r  f o r  a l l o y s  t h a t  generated greater 
a m u n t s  of welding d u s t  and caused increased metal s p a t t e r  a t  t h i s  
l ong  a r c  length .  
Electrode composition thus i s  shown t o  be a p r i n c i p a l  f a c t o r  
i n  c o n t r o l l i n g  a r c  s t a b i l i t y  f o r  aluminum e l e c t r o d e s  used f o r  gas 
metal-arc welding (DCRP c u r r e n t ) .  Commercially pure A 1  and A1-Cu 
a l l o y s  have i n h e r e n t l y  poor a r c  s t a b i l i t y .  A1-Si a l loys  exhibi t  
improved a r c  c h a r a c t e r i s t i c s ,  but large a d d i t i o n s  of S i  appear 
necessary (10% i n  4145) t o  achieve the d e s i r e d  l e v e l  of s t a b i l i t y .  
Magnesium, however, appears q u i t e  b e n e f i c i a l  t o  a r c  s t a b i l i t y  even 
i n  r e l a t i v e l y  small q u a n t i t i e s  (0 .5s  i n  2014). 
D. E f f e c t  of Shie ld ing  Gas 
Shie ld ing  gas composition has a profound e f f e c t  on a r c  
behavior dur ing  welding. For 5000 series Al-Mg a l l o y s ,  an i n e r t  
s h i e l d i n g  gas containing 50-65 pe r  cent  H e ,  balance A r ,  was repor ted  
6 by Dowd t o  provide a more stable a r c  than pure A r  o r  o t h e r  Ar-He 
mixtures.  Weld s p a t t e r  and p o r o s i t y  were reduced, pe rmi t t i ng  the 
use o f  wider ranges o f  a r c  vol tage,  cu r ren t ,  and t r a v e l  speed. 
Bead-on-plate tests comparing a r c  s t a b i l i t y  fo.r 100 pe r  cent  
A r  versus  a 65 pe r  cent  He-35 pe r  cent  A r  s h i e l d i n g  gas were 
conducted f o r  1/16-in. 2319 and 5556 e l ec t rodes .  The r e s u l t s  a r e  
shown i n  i n  Figure 10. The b e n e f i t  of Ar-He f o r  welding A1-Mg 
a l l o y s  was confirmed. The 65 He-35 A r  mixture permit ted a r c s  with 
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5556 e l ec t rode  t o  s t a b i l i z e  a t  a s h o r t e r  l e n g t h  and over a wider 
range of a r c  l e n g t h  and a r c  vol tage  than pure argon. Although a 
h ighe r  a r c  vol tage was required t o  achieve the same a r c  l eng th  a s  
i n  pure A r ,  weld s p a t t e r  was no t i ceab ly  reduced. 
With 2319 f i l l e r ,  Ar-He mixtures a l s o  requi red  a h igher  a r c  
vol tage,  but  a r c  s t a b i l i t y  was not  improved. 2319 exhibited an 
even narrower range of s t a b l e  a r c  l eng th  and vol tage  than  w i t h  pure 
A r ,  r e q u i r i n g  very p r e c i s e  weld machine s e t t i n g s  t o  maintain a 
stable a r c .  Because of the e r a t i c  behavior of 2319 w i t h  Ar-He 
mixtures,  f u r t h e r  comparison weld tests w i t h  experimental  e l e c t r o d e s  
were made using only 100 per cen t  A r  sh ie ld ing .  
E. Electrode Microstructure 
One reason advanced f o r  t h e  inhe ren t ly  poor a r c  s t a b i l i t y  
obtained f o r  2319 is i t s  micros t ruc tura l  d i f f e r e n c e  from o t h e r  
e l e c t r o d e s .  
i n  many ins t ances ,  the presence of undissolved p a r t i c l e s  (mostly 
CuA12) throughout t h e  microstructure .  It was thought tha t  these 
p a r t i c l e s ,  if l a r g e  enough, could conceivably i n t e r f e r e  w i t h  
metal t r a n s f e r  c h a r a c t e r i s t i c s  during welding and reduce a r c  
s t a b i l i t y .  
Metallographic s t u d i e s  of 2319 e l e c t r o d e  have revealed,  
CuA12 p a r t i c l e s  are present  i n  2319 because of  a high copper 
conten t  (6.3% nominal). 
r i c h  d e n d r i t e s  f r eeze  first,  pushing the copper a s i d e  t o  e n r i c h  
the  remaining l i q u i d .  
a t  about the e u t e c t i c  composition. 
homogenize the s t r u c t u r e ,  C u A l 2  i s  present  throughout the  c a s t  
i ngo t .  During f a b r i c a t i o n  i n t o  w i r e ,  c o n s t i t u e n t s  a r e  broken 
i n t o  p a r t i c l e s  v i s i b l e  only under t h e  microscope. 
i l l u s t r a t e s  a t y p i c a l  2319'wire c ros s  s e c t i o n  micros t ruc ture  a long 
During ingot  s o l i d i f i c a t i o n  aluminum- 
The l a s t  l i q u i d  t o  f r e e z e  conta ins  copper 
Despite prehea t ing  t o  
Figure 11 
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with comparative s t r u c t u r e s  f o r  5556, 4043, 4145, and 2014 
e l ec t rodes .  CuA12 may be seen i n  both 2219 and 2014 micro- 
s t r u c t u r e s ,  For 2014 e lec t rode ,  however, t h e  p a r t i c l e s  a r e  
smaller and more wide ly  d i s t r ibu ted .  
4145 show small s i l i c o n  p a r t i c l e s .  
c o n s t i t u e n t  is  i n  the  5556 microstructure  because of the high 
s o l i d  s o l u b i l i t y  of magnesium i n  aluminum. 
Microstructures  of 4043 and 
Very l i t t l e  undissolved 
DISCUSSION O F  PRELIMINARY RESULTS 
I n  order  t o  d i scuss  the meta l lurg ica l  f a c t o r s  a f f e c t i n g  a r c  
s t a b i l i t y  and melting c h a r a c t e r i s t i c s  of aluminum e lec t rodes ,  it 
is necessary to consider the  nature  o f  the e l e c t r i c  a r c  during 
welding. A s  shown i n  Figure 12a, the e l e c t r i c  a r c  c o n s i s t s  of 
three main reg ions  of  d i f f e r i n g  p o t e n t i a l  g rad ien t s - - the  a r c  
column, the anode, and the cathode regions.? The a r c  column 
c o n s t i t u t e s  the l a r g e s t  por t ion  of  the a r c  and has  a small ,  uniform 
p o t e n t i a l  g rad ien t  along its length. 
occur a t  the anode and cathode. 
the arc column expands, bu t  l i t t l e  change occurs i n  the anode 
and cathode regions.  
and p o s i t i v e  i o n s  i s  needed t o  maintain a s t a b l e  arc  column. 
For gas metal-arc welding ( e l ec t rode  p o s i t i v e )  the work 
The steepest  p o t e n t i a l  drops 
When the  a r c  length is  increased  
An accurate  balance o f  negat ive e l e c t r o n s  
p l a t e  i s  the cathode and t h e  consumable e l e c t r o d e  the anode 
(Figure 12b). 
supply of e l ec t rons ,  but t h e  pos i t i ve  charges must come from 
e i the r  o r  both of  two sources:  (1) ionized  gas  atoms f rom t h e  
i n e r t  gas stream, o r  ( 2 )  ionized metal  vapors from t h e  melted 
e l ec t rode .  Welding arcs that  develop f i n e  metal  spray  provide 
more metal vapor than  g lobular  spray a r c s  and thus  e x h i b i t  better. 
a r c  s t a b i l i t y .  
A l a r g e  cathodic area is  a v a i l a b l e  t o  maintain the 
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Table I1 lists t h e  i o n i z a t i o n  p o t e n t i a l ,  b o i l i n g  poin t ,  and 
thermionic  work func t ion  f o r  s e l e c t e d  chemical elements. The 
metals  a r e  gene ra l ly  more e a s i l y  ion ized  than  argon o r  helium 
gases  used f o r  shielding. If vapors from these  metals a r e  
p re sen t  i n  s u b s t a n t i a l  q u a n t i t i e s ,  they  provide an abundant 
source of i ons  f o r  s t a b i l i z i n g  the welding arc .  7 
Although aluminum and copper a r e  e a s i l y  ionized,  t h e y  vaporize 
a t  a r e l a t i v e l y  high temperature. A s  a r e s u l t  few ionized  metal  
vapors a r e  provided during gas metal a r c  welding with 1100 ( A l )  
o r  2319 (Al-Cu) e l ec t rodes .  The a r c  column must t h e r e f o r e  r e l y  
on the shielding gas  t o  supply p o s i t i v e  ions.  
above 1/4 i n , ,  however, even t h i s  source apparent ly  does not 
prdvide s u f f i c i e n t  i o n s  and the a r c  becomes unstable.  Helium is  
more d i f f i c u l t  t o  i o n i z e  than A r  and exp la ins  why A r - H e  mixtures 
produce a l e s s  s t a b l e  a r c  than pure argon during welding w i t h  2319. 
A t  a r c  l eng ths  
Magnesium has the  desirable c h a r a c t e r i s t i c s  of: (1) a low 
i o n i z a t i o n  p o t e n t i a l ,  and ( 2 )  a low vapor iza t ion  temperature. 
When present  as an a l loy ing  element i n  aluminum e l e c t r o d e s  (5556 
and 2014, f o r  example), magnesium provides  an abundant source of 
e a s i l y  ion ized  metal  vapors tha t  s t a b i l i z e  the welding arc .  T h i s  
is  borne out by weld bead photographs, which show t h e  smoothest 
beads and l a r g e s t  amounts of welding dus t  were exh ib i t ed  by Mg- 
containing e lec t rodes .  
Inasmuch a s  magnesium improves a rc  s t a b i l i t y ,  other e a s i l y  
ionized elements t h a t  vaporize a t  about the same temperature as 
magnesium should a l s o  be b e n e f i c i a l  f o r  welding. Zinc, cadmium, 
and calcium are elements of t h i s  t y p e  and should he lp  s t a b i l i z e  
the welding a r c  when present  w i t h  A 1  o r  A1-Cu e l e c t r o d e s  e i ther  
a s  a l loy ing  c o n s t i t u e n t s  i n  the wire o r  a s  coa t ings  on the e lec t rode .  
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S i l i c o n  a l s o  appeared t o  a i d  a r c  s t a b i l i t y ,  bu t  q u a n t i t i e s  
on the o rde r  of 10  pe r  cent by weight were needed i n  an A l - 4  
Cu a l l o y  t o  achieve t h e  s t a b l e  a r c  c h a r a c t e r i s t i c s  provided by 
0.5 magnesia?. S i l i c o n  vapors a r e  r e l a t i v e l y  e a s i l y  ionized,  but 
l i k e  copper a high temperature i s  needed f o r  vaporizat ion.  S i l i c o n  
would no t  be expected t o  improve a r c  s t a b i l i t y  i n  the  same manner 
a s  magnesium. When al loyed w i t h  aluminum, however, s i l i c o n  has 
been shown t o  reduce sur face  t ens ion  of the l i q u i d  metal.8 
the 10 pe r  cent  s i l i c o n  l e v e l  d r o p l e t  formation and metal t r a n s f e r  
may be improved by the reduced su r face  t ens ion - - r e su l t i ng  i n  a 
more s t a b l e  welding a r c .  I f  t h i s  mechanism i s  t r u e ,  then  beryl l ium, 
which i n  very s m a l l  q u a n t i t i e s  reduces su r face  t ens ion  of many 
molten aluminum a l l o y s ,  may a l s o  be b e n e f i c i a l .  Beryllium, 
however, i s  extremely t o x i c  i n  the vaporized form and must be held 
t o  very small concentrat ions (<.0008$) i n  welding e l ec t rode .  
A t  
One notable  f a c t o r  a f f e c t i n g  a r c  c h a r a c t e r i s t i c s  t h a t  has n o t  
been considered i s  thermionic work func t ion .  The lower the work 
func t ion  o f  t he  cathode, the more e a s i l y  e l e c t r o n s  a r e  emit ted 
f o r  s u s t a i n i n g  t h e  welding a r c e 9  
tungsten make e x c e l l e n t  e l ec t rodes  because they have both an 
inhe ren t ly  low work funct ion and a high b o i l i n g  temperature.  
Tungsten e m i t s  s u f f i c i e n t  e l ec t rons  below i t s  b o i l i n g  temperature 
t o  e a s i l y  s u s t a i n  a s t r a i g h t  p o l a r i t y  ( e l e c t r o d e  nega t ive )  a r c .  
Refractory ma te r i a l s  l i k e  
Most s t r u c t u r a l  metals have a lower work func t ion  than 
tungsten,  but because of t h e i r  lower b o i l i n g  temperature,  fewer 
e l e c t r o n s  a r e  emi t ted  f o r  welding. I f  the  cathode a r e a  i s  s m a l l ,  
a s  i n  gas metal a r c  welding ( e l e c t r o d e  nega t ive ) ,  i n s u f f i c i e n t  
e l e c t r o n s  are produced t o  maintain a stable arc,, T h i s  is  why gas 
metal a r c  welding of  aluminum enjoys success  only w i t h  r eve r se  
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p o l a r i t y  cu r ren t  ( e l ec t rode  p o s i t i v e ) .  
and ample e l e c t r o n s  a r e  ava i l ab le  t o  maintain a s t a b l e  welding a rc .  
Unstable a r c s  appear t o  be caused by a shortage of p o s i t i v e  ions  
t o  balance the supply of e l ec t rons  rather than i n s u f f i c i e n t  
The cathode area i s  l a r g e  
e l e c t r o n s .  
the i o n i z a t i o n  p o t e n t i a l  and b o i l i n g  temperature of the e l ec t rode  
are o f  more s ign i f i cance  t o  a r c  s t a b i l i t y  than thermionic work 
func t ion .  
For gas metal arc welding ( e l ec t rode  p o s i t i v e )  then, 
PROPOSED PROGRAM 
Based on the foregoing pre l iminary  r e s u l t s  and d iscuss ions ,  
the fol lowing program was e s t ab l i shed  t o  improve a r c  s t a b i l i t y  of 
2319 (Al-Cu) e l e c t r o d e  during gas metal-arc (MIG) welding of 
2219 p l a t e :  
1. Solu t ion  h e a t  t r e a t  2319 e l e c t r o d e  t o  reduce p a r t i c l e  
c o n s t i t u e n t s  within t h e  micros t ruc ture  t h a t  may 
i n t e r f e r e  w i t h  metal t r a n s f e r  c h a r a c t e r i s t i c s .  
2. Alloying 2319 w i t h  elements tha t  reduce t h e  sur face  
t ens ion  of  molten aluminum such a s  S i  o r  Be. 
3. Alloying 2319 w i t h  elements t ha t  have both a low 
vapor iza t ion  temperature and a low i o n i z a t i o n  
p o t e n t i a l  such a s  Mg, Zn, Cd, and Ca. 
E l e c t r o p l a t i n g  2319 e l e c t r o d e  wi th  elements having 
these  same c h a r a c t e r i s t i c s .  Zn and Cd a r e  most 
e a s i l y  e l e c t r o p l a t e d  on aluminum. 
4. 
PROGRAM RESULTS 
A. Heat Treated 2319 Electrode 
An at tempt  was made t o  improve 2319 a r c  s t a b i l i t y  by sub- 
j e c t i n g  the wire t o  a conventional s o l u t i o n  h e a t  t reatment  of 
1/2 h r  a t  1000°F. A l a r g e  por t ion  of  the copper i s  d isso lved  
a t  t h i s  temperature and shou ld  reduce any l a r g e  CuA12 p a r t i c l e s  
i n  t h e  w i r e  micros t ruc ture .  
The i n i t i a l  a t tempt  t o  s o l u t i o n  heat treat  small diameter 
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1/16-in. w i r e  i n  a normally d ry  a t m  sphere r e su l t e l  
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i n  reducing 
the amount and s i z e  of CuN2 p a r t i c l e s  but  caused hydrogen t o  be 
absorbed by the wire. 
micros t ruc ture ,  which d u r i n g  welding i g n i t e d  i n  e r r a t i c  b u r s t s  
and i n t e r f e r e d  w i t h  a r c  s t a b i l i t y  s t u d i e s ,  
Hydrogen could be de tec ted  i n  the w i r e  
A quan t i ty  of low hydrogen (.07 cc/lOO gm) 2319 e l e c t r o d e  was 
produced by employing an extremely dry atmosphere (-2T0F d e w  p o i n t )  
and a longer  (8 h r s )  so lu t ion  heat t reatment .  
a f t e r  hea t ing  and n a t u r a l l y  aged, 
s t r u c t u r e  of the s o l u t i o n  heated and aged wire w i t h  that  i n  the 
a s - f ab r i ca t ed  condi t ion.  
(white c o n s t i t u e n t s )  a r e  seen t o  be reduced by the thermal t reatment .  
Arc s t a b i l i t y  tests, however, showed the range of s table  a r c  l e n g t h  
and vol tage  f o r  the heat t r e a t e d  wire was not  s i g n i f i c a n t l y  better 
than  the a s - f ab r i ca t ed  e lec t rode .  
The w i r e  was quenched 
Figure 13 compares the micro- 
The amount and s i z e  of' CuA12 p a r t i c l e s  
Solu t ion  heat t rea tment ,  t he re fo re ,  o f f e r s  no apparent 
advantage f o r  2319 electrode.  
and such t reatment  would be d i f f i c u l t  t o  conduct commercially 
because small diameter wire has such a large su r face  a rea  t o  
volume r a t i o  tha t  s u s c e p t i b i l i t y  t o  hydrogen absorp t ion  is  high. 
B. Modified 2319 Type A l l o y s  - Cu, S i ,  and Be 
Arc c h a r a c t e r i s t i c s  are not  improved, 
2319-type a l l o y s  having e i ther  reduced copper o r  added s i l i c o n  
o r  beryl l ium were examined f o r  a r c  s t a b i l i t y  a s  w e l l  as weld 
s t r e n g t h  and cor ros ion  r e s i s t ance .  S i x  a l l o y s  wi th  modified 
copper o r  s i l i c o n  were ava i l ab le  from another  i n v e s t i g a t i o n .  
a l l o y  conta in ing  beryl l ium was c a s t  and f a b r i c a t e d  s p e c i f i c a l l y  
f o r  t h i s  work. The compositions of  a l l  seven a l l o y s  a r e  l i s t ed  
i n  Table I as f i l l e r  A through G. 
One 
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1. Arc S t a b i l i t y  and Melting C h a r a c t e r i s t i c s  
Three of  t h e s e  f i l l e r s ,  B(3.5 Cu), C(5.2 Cu-1.2 S i ) ,  
and G(2319 + .0004 Be) were s e l e c t e d  f o r  detai led a r c  s t u d i e s .  
Metal t r a n s f e r  c h a r a c t e r i s t i c s  were found t o  be s imilar  
t o  o t h e r  aluminum a l l o y s  as previous ly  shown i n  Figure 5--with 
axial-  spray  t r a n s f e r  commencing around 260 amperes. Resul t s  of 
a r c  s t a b i l i t y  tests wi th in  the spray  t r a n s f e r  range are shown i n  
Figure 14. All t h r e e  of the  experimental  e l ec t rodes  exhibited 
s l i g h t l y  be t t e r  a r c  s t a b i l i t y  than 2319, but  none approached the  
desirable c h a r a c t e r i s t i c s  noted f o r  4145 o r  5556 e l ec t rodes .  
F i l l e r  C(5.2 Cu-1.2 S i )  had s l i g h t l y  b e t t e r  a r c  c h a r a c t e r i s t i c s  
than  the o t h e r  f i l l e r s  and tended t o  more e a s i l y  " w e t "  t h e  2219 
p l a t e .  Larger add i t ions  of s i l i c o n  would be expected t o  f u r t h e r  
improve a r c  s t a b i l i t y - - b u t  only a t  some s a c r i f i c e  i n  weld p r o p e r t i e s .  
2. Weld Mechanical Proper t ies  
Welds were made i n  1/2-in. 2219-T87 p l a t e  with a l l  
e l e c t r o d e s  us ing  a 60" double Vee j o i n t  conf igura t ion  t o  assure 
the  weld would conta in  a high percentage of melted f i l l e r  metal. 
Welds w i t h  f i l l e r  G(2319 + B e )  were not  mechanically t e s t e d  because 
radiographic  in spec t ion  revealed severe  p o r o s i t y  of  Class I11 t o  
V r a t i n g ,  Other f i l l e rs  had Class I o r  I1 weld soundness. 
Table I11 lists the  weld condi t ions and compares as-welded t e n s i l e  
p r o p e r t i e s  f o r  welds w i t h  var ious f i l l e r s ,  
Highest weld s t r eng ths  were achieved w i t h  experimental  
f i l l e r s  tha t  d i d  no t  contain s i l i c o n ;  however,  these  a l l o y s  had 
lower copper content  than 2319 and s t r e n g t h s  were 3 t o  4 KSI 
below those f o r  2319. Increasing amounts of s i l i c o n  tended t o  
lower both weld s t r e n g t h  and d u c t i l i t y .  Lowest weld p r o p e r t i e s  
were obtained f o r  f i l l e r  F, which had the  lowest  copper (2.4%) 
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and highest s i l i c o n  (4.0%). Figure 15 i l l u s t r a t e s  t he  c r o s s  
s e c t i o n  of a f u l l  s e c t i o n  weld (bead on) deposi ted w i t h  F i l l e r  B 
(3.5s Cu). This weld f a i l e d  a t  39,000 p s i  and i n  a f r a c t u r e  
p a t t e r n  t y p i c a l  of most  w e l d s  performed i n  t h i s  work. 
3 . Predicted Corrosion Behavior 
The p red ic t ed  corrosion performance of welds i n  2219-T87 
p l a t e  with the  var ious  experimental f i l l e rs  was determined by 
s o l u t i o n  p o t e n t i a l  measurements i n  the weld zones. The s o l u t i o n  
p o t e n t i a l  survey provides a r a p i d  means of p r e d i c t i n g  weld cor ros ion  
behavior.  lo 
t i a l l y  corrode t o  p r o t e c t  the  more e l e c t r o p o s i t i v e  zones (ca thodes) .  
No s e l e c t i v e  a t t a c k  occurs when t h e  weld, heat a f f e c t e d  zone, and 
unaffected pa ren t  metal a r e  a l l  of the same s o l u t i o n  p o t e n t i a l .  
Second best  i s  when the w e l d  bead is  cathodic  t o  the h e a t  a f f e c t e d  
zone and parent  plate.  The base metal then  a c t s  a s  a l a r g e  anode 
t h a t  corrodes a t  a very slow ra te  and p r o t e c t s  t he  smaller weld 
zone. The worst poss ib l e  condi t ion is when the weld bead o r  heat 
a f f e c t e d  zone is  anodic t o  the pa ren t  p l a t e .  These narrow a r e a s  
w i l l  corrode r a p i d l y  t o  p r o t e c t  t h e  l a r g e  ca thodic  base metal. 
The r a t e  of  s e l e c t i v e  a t t a c k  i n c r e a s e s  w i t h :  (1) inc rease  i n  
p o t e n t i a l  d i f f e r e n c e  between the anode and cathode, and ( 2 )  
decrease i n  anode area. 
Areas of high negat ive p o t e n t i a l  (anodes) preferen-  
The s o l u t i o n  p o t e n t i a l  o f  A1-Cu a l l o y s  is  determined by 
the amount o f  copper s o l i d  s o l u t i o n  wi th  aluminum. The g r e a t e r  
t h e  amount of copper i n  s o l u t i o n  the more cathodic  the a l l o y .  
During s o l u t i o n  h e a t  treatment of  a n  A 1 - 4  p e r  cent  Cu a l l o y ,  f o r  
example, nea r ly  a l l  the copper goes i n t o  s o l u t i o n  and decreases  
the anodic p o t e n t i a l  from -840 t o  -690 m i l l i v o l t s .  A r t i f i c i a l  
aging a t  temperatures i n  the v i c i n i t y  of  375°F p r e c i p i t a t e  copper 
from t h e  
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F-Cu s o l i d  so lu t ion  and increase  t h e  e l e c t r o d e  p o t e n t i a l .  
S i l i c o n  has r e l a t i v e l y  l i t t l e  e f f e c t  on t h e  e l e c t r o d e  p o t e n t i a l  of 
aluminum when i n  s o l i d  so lu t ion ,  because of i t s  r e l a t i v e l y  low 
s o l i d  s o l u b i l i t y .  
I n  o r d e r  t o  eva lua te  cor ros ion  performance o f  these 
e l e c t r o d e s  i n  welded p l a t e s ,  s o l u t i o n  p o t e n t i a l  measurements were 
conducted i n  the weld area, h e a t  a f f e c t e d  zone, and unaffected 2219 
base metal. Unmasked s t r i p s  approximately 1/8-in. wide and p a r a l l e l  
t o  the weld were exposed t o  a s o l u t i o n  of NaC1-H202, Solu t ion  
p o t e n t i a l  d a t a  f o r  welds i n  2219-T87 p l a t e  w i t h  2319 a l l o y  and a 
3.5 p e r  cent  copper f i l l e r  a re  p l o t t e d  i n  Figure 16. ' The weld 
beads d i d  no t  have s u b s t a n t i a l l y  d i f f e r e n t  anodic p o t e n t i a l  values  
d e s p i t e  t h e  d i f f e rence  i n  copper l e v e l  of t h e  f i l l e r s .  n7 is  can 
probably be a t t r i b u t e d  t o  p a r t i a l  d i l u t i o n  of the 3.5 Cu weld w i t h  
melted 2219 base metal (6.3 Cu), causing an inc rease  i n  weld copper 
content .  The amount of  copper remaining i n  s o l i d  s o l u t i o n  a f t e r  
cool ing then may have been n e a r l y  t h e  same f o r  both weldments 
(approximately 4 pe r  cen t  according t o  s o l u t i o n  p o t e n t i a l  va lues) .  
Welds w i t h  o t h e r  experimental f i l l e r s  having reduced 
copper and h igher  s i l i c o n  had s o l u t i o n  p o t e n t i a l  values  s imilar  t o  
the l i s t e d  a l l o y s .  In  a l l  cases the weld and heat a f f e c t e d  zones 
were p ro tec t ed  by the  more anodic 22194'87 p l a t e .  
a t t a c k  would not  normally occur under these condi t ions ,  and a l l  
f i l l e r s  should exhib i t  good co r ros ion  performance i n  the  as-welded 
condi t ion.  Heat t reatment  a f t e r  welding would, of course,  change 
the weld and p l a t e  e lec t rode  p o t e n t i a l s  and could cause a lower 
copper weld bead t o  become anodic t o  the  base metal. Fur ther  
s tudy would be requi red  t o  p red ic t  cor ros ion  behavior of  heat 
treated weldments. 
S e l e c t i v e  
I 
~~~ ~~ ~ 
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C. E l ec t rop la t ed  2319 Electrode - Zn and C d  
F i f t y - f o o t  l eng ths  of 1/16-in. diameter 2319 were chemically 
cleaned, f l a s h  copper coated, and e l e c t r o p l a t e d  w i t h  z inc  o r  
cadmium f o r  per iods  of 2, 5, and 10 minutes. The p l a t e d  wires 
were designated f i l l e r s  H (Zn coa ted)  and I (Cd coa ted) .  
l ists the average coa t ing  thicknesses  as determined metallo- 
Table I V  
g raph ica l ly ,  and Figure l7a  and b shows var ious  coa t ing  th icknesses  
i n  a c r o s s  s e c t i o n  of  w i r e  p l a t e d  f o r  f i v e  minutes. 
1. Arc S t a b i l i t y  and Melting C h a r a c t e r i s t i c s  
Arc s t a b i l i t y  t e s t s  were conducted a t  260-300 amps c u r r e n t ,  
which was wi th in  the  region o f  best  a r c  s t a b i l i t y  and bead appearance 
f o r  2319 e l ec t rode .  
considerably b e t t e r  a r c  s t a b i l i t y  than  uncoated 2319. T h i s  
i l l u s t r a t e d  i n  Figure 18. 
th i ckness )  became s t a b i l i z e d  a t  a lower a r c  vol tage  and over a 
F i l l e r s  w i t h  z inc  o r  cadmium coat ings  exh ib i t ed  
F i l l e r s  H and I (0.00005 i n .  avg coa t ing  
wider range of a r c  l eng th  and a r c  vol tage than 2319 and approached 
the s t a b i l i t y  of 5556 e lec t rode .  
coa t ings  ( Q b l e  I V )  exhib i ted  no fur ther  improvement i n  a r c  
Elec t rodes  w i t h  t h i c k e r  p l a t ed  
s t a b i l i t y  but  became s t a b i l i z e d  a t  a s l i g h t l y  lower a r c  vol tage.  
These e l e c t r o d e s  a l s o  generated g r e a t e r  q u a n t i t i e s  of  welding d u s t  
and metal s p a t t e r .  Vapors and dus t  from the C d  p l a t e d  e l e c t r o d e  
. 
were c h a r a c t e r i s t i c a l l y  yellowish i n  co lo r  and contained t o x i c  
cadmium oxide.  S t r i c t  a t t e n t i o n  t o  proper v e n t i l a t i o n  w a s  requi red  
dur ing  welding w i t h  t h i s  f i l l e r .  
Other c h a r a c t e r i s t i c s  noted f o r  t h e  p l a t e d  e l e c t r o d e s  
were : 
a .  The a r c  assumed a har t e r i s t i c  mul t ip l  
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co lo r  
p a t t e r n  t h a t  d i f f e r e d  f o r  each e l e c t r o d e .  The 
z inc  p l a t e d  f i l l e r  e x h i b i t e d  a white a r c  column 
enveloped by narrow but  d i s t i n c t i v e  zones of green 
and orange extending t o  t he  o u t e r  per iphery of the 
a r c .  J u s t  below t h e  e l e c t r o d e  t i p  a t  t he  peak of 
the  a r c  column was a C-shaped zone of purple .  The 
a r c  produced by t h e  cadmium p l a t e d  w i r e  had a green 
bell-shaped cen te r  extending the l eng th  of the a r c  
column and w a s  surrounded by a zone of br ight  r e d ,  
These c o l o r  p a t t e r n s  were of no s i g n i f i c a n c e  t o  
t h i s  work but  may be i n d i c a t i v e  o f  temperature zones 
wi th in  t h e  a r c .  
b. Metal t r a n s f e r  c h a r a c t e r i s t i c s  differed markedly from 
t h a t  f o r  bare 2319. The reg ion  o f  ax ia l - spray  t r a n s f e r  
t ha t  commenced around 260 amps f o r  o t h e r  aluminum 
e l e c t r o d e s  d i d  not begin u n t i l  approximately 300 amps 
f o r  the p l a t ed  f i l l e r s .  Below t h i s ,  cu r ren t  metal 
t r a n s f e r  was o f  the globular-spray type,  
Arc l e n g t h  v a r i e d  about + 1/16 i n  as t h e  weld progressed 
along the  p l a t e .  
v a r i a t i o n s  i n  surface r e s i s t a n c e  of the e l ec t rode  due 
t o  v a r i a t i o n s  i n  coa t ing  th ickness .  
c.  
T h i s  appeared t o  be caused by 
The l a s t  i t e m  was s tudied  i n  more detai l  by measuring t h e  
r e s i s t a n c e  t o  cu r ren t  flow across  the  p l a t e d  su r face ,  Table V 
shows t h a t  the mean su r face  r e s i s t a n c e  of  z inc  coated 2319 was 
nea r ly  2-1/2 t i m e s  t h a t  f o r  uncoated e l e c t r o d e  and var ied  more 
from p o i n t  t o  po in t  along the e l e c t r o d e  su r face .  A s  a check on 
su r face  r e s i s t a n c e  data, the vo l tage  drop between the  con tac t  tube 
and the e l e c t r o d e  was measured dur ing  welding. Considerable 
vol tage f l u c t u a t i o n  was detected.  Approximate average values ,  
shown i n  Table V I ,  f o r  the p l a t e d  e l e c t r o d e s  were again 2 t o  2-1/2 
t i m e s  g r e a t e r  than t h e  unplated wire--confirming that  a high 
su r face  r e s i s t a n c e  was present .  Basic a r c  s t a b i l i t y  was not  
a f f e c t e d  by the observed v a r i a t i o n s  i n  a r c  l eng th  but  weld bead 
shape w a s  somewhat i r r e g u l a r  when welding a t  s h o r t  a r c  l eng ths .  
T h i s  is shown i n  Figure 19. Of the  two p l a t e d  elements,  z inc  
appeared t o  a f f e c t  bead conf igura t ion  more than cadmium and 
exhibi ted s l i g h t l y  more metal s p a t t e r .  
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Zinc and cadmium p l a t i n g s  d e f i n i t e l y  provide t h e  improved 
a r c  s t a b i l i t y  needed f o r  2319 e l ec t rode ;  however, t h e  high c o s t  
of  e l e c t r o p l a t i n g  a s  compared t o  a l l o y i n g  and t h e  expected 
d i f f i c u l t i e s  i n  ob ta in ing  a uniform coated th ickness  ru l ed  out  
t h i s  approach u n t i l  a l l oy ing  techniques had been f u l l y  inves t iga t ed .  
D. Modified 2319 Type Alloys - Zn, Cd, Mg, Cay Zr, and V 
The six modified 2319 compositions, l i s t e d  i n  Table I a s  
F i l l e r s  J (0.27 Zn) ,  K (1.0 Zn), L (0.23 C d ) ,  M (0.12 Mg), N (0.53 Mg), 
and 0 (0.20 C a )  were c a s t  and f a b r i c a t e d  i n t o  experimental  q u a n t i t i e s  
of 1/16-in. diameter e l ec t rode .  Tes ts  were conducted t o  determine 
which element provided the most improved a r c  s t a b i l i t y  and melt ing 
c h a r a c t e r i s t i c s  i n  2319 w i t h  t h e  l e a s t  adverse e f f e c t  on weld 
cracking,  mechanical p r o p e r t i e s ,  o r  cor ros ion  r e s i s t a n c e .  Two 
a d d i t i o n a l  2319 type compositions w i t h  reduced g r a i n  r e f i n i n g  
elements vanadium o r  zirccnium, F i l l e r s  P (0.0 V )  and Q (0.0 V and 
Zr), were prepared f o r  inc lus ion  i n  the weld cracking t e s t  
p o r t i o n  of t h e  program. 
1. Arc S t a b i l i t y  and Nelting C h a r a c t e r i s t i c s  
The results of t h e  a rc  s t a b i l i t y  t e s t s  a r e  p l o t t e d  i n  
Figure 20. 2319 type a l l o y s  w i t h  z inc  ( F i l l e r s  J and K )  and 
cadmium ( F i l l e r  L )  e x h i b i t e d  markedly b e t t e r  a r c  s t a b i l i t y  than 
2319--being equal t o  5556 f i l l e r  i n  range of s table  a r c  l e n g t h  and 
a r c  vol tage .  
Boththe z inc  and cadmium conta in ing  e l e c t r o d e s  exh ib i t ed  
a much smoother bead sur face  than 2319 a t  longer  a r c  l eng th  but  
generated more welding d u s t  and metal s p a t t e r .  F i l l e r  K (1.0 Zn) 
was worse than o t h e r s  i n  t h i s  r e spec t  but  had less s p a t t e r  than  
previous ly  noted f o r  5556. All t h r e e  e l e c t r o d e s ,  however, 
demonstrated the improved a r c  s t a b i l i t y  needed f o r  e a s i l y  con t ro l l ed  
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gas metal a r c  welding of 2219 p l a t e .  
F i l l e r  M (0.12 Mg) had a h igher  degree o f  a r c  s t a b i l i t y  
t h a n  2319 but  d i d  not  contain s u f f i c i e n t  magnesium t o  approach 
the  e x c e l l e n t  c h a r a c t e r i s t i c s  of the o t h e r  f i l l e r s .  F i l l e r  N,  
which had a l a r g e r  magnesium a d d i t i o n  (0 .5%) and F i l l e r  0 (0 .2 Ca) 
were no t  evaluated f o r  a r c  s t a b i l i t y  because of high s u s c e p t i b i l i t y  
t o  ho t  s h o r t  weld cracking. 
2. Weld Cracking 
Weld cracking f o r  2219 base metal welded with experimental  
2319-type f i l l e r s  i s  compared w i t h  2319 e l e c t r o d e  i n  Table V I .  
F i l l e r s  w i t h  z inc  o r  cadmium ( F i l l e r s ,  J. K, and L )  cracked an 
average of only 1/2 i n .  on the severe discont inuous tes t .  
f i l l e r s  were even s l i g h t l y  l e s s  crack s e n s i t i v e  than 2319 and 
would provide e x c e l l e n t  r e s i s t a n c e  t o  weld cracking i n  a l l  j o i n t  
These 
conf igura t ions .  
F i l le rs  N (0.53 Mg) and 0 (.20 Ca) cracked 16-3/4 and 11 i n .  
r e s p e c t i v e l y  i n  t h i s  t e s t .  Cracking may occur  du r ing  normal welding 
w i t h  these f i l l e r s  i f  j o i n t  r e s t r a i n t  i s  high. Both magnesium and 
cadmium i n  these amounts t e n d  t o  a l t e r  the f r e e z i n g  c h a r a c t e r i s t i c s  
of A1-Cu a l l o y s ,  causing h ighe r  h o t  shor tness  during weld s o l i d i -  
f i c a t i o n .  
cracked about t he  same l e v e l  as 2319; however, it d i d  no t  exhib i t  
F i l l e r  M (0.12 Mg) had lower magnesium content  and 
good a r c  s t a b i l i t y .  In  view o f  the unpromising results f o r  f i l l e r s  
w i t h  a d d i t i o n s  of magnesium and calcium, f u r t h e r  experimental  weld 
tests were l i m i t e d  t o  a l l o y s  w i t h  z inc  o r  cadmium. 
Table V I  a l s o  l i s t s  weld cracking r e s u l t s  f o r  two o t h e r  
f i l l e r s ,  P and Q, which were prepared w i t h  vanadium and zirconium 
purposely he ld  below the normal l e v e l  f o r  2319 t o  determine i f  
t h e s e  elements were e s s e n t i a l  t o  achieve low weld cracking.  Welds 
. 
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w i t h  these f i l l e r s  developed s u b s t a n t i a l l y  higher cracking than 
welds w i t h  2319 o r  2319 + Zn f i l l e r s .  Close con t ro l  of weld 
condi t ions  would be required t o  achieve crack-free welds, p a r t i c u l a r l y  
i n  r e p a i r  welding o r  d i f f i c u l t  j o i n t  conf igura t ions .  
Figures  21 t o  23 show the inf luence  of weld g r a i n  s i z e  on 
weld crack s e n s i t i v i t y .  Figure 21a i s  a c ros s  s e c t i o n  o f  the weld 
r eg ion  i n  2219 p l a t e  welded with F i l l e r  K (1.0 Zn), which cracked 
only 1/2 inch. 
weld g r a i n  s i z e .  Figures  22 and 23 compare the g ra in  s i z e  of welds 
performed w i t h  2319 and F i l l e r  P (.01 V ) .  
had a much coa r se r  g r a i n  s i z e  and cracked 13-1/4 i n .  versus  only 
3-l/2 i n .  f o r  2319. 
maintain good r e s i s t a n c e  t o  weld cracking. 
As shown i n  Figure 21b, the specimen had a very f i n e  
With F i l l e r  P, welds 
Zirconium and vanadium a r e  needed i n  2319 t o  
3. Weld Mechanical Proper t ies  
Weld mechanical p rope r t i e s  were determined f o r  f i l l e r s  w i t h  
z inc  and cadmium add i t ions  because these  e l e c t r o d e s  displayed both 
improved a r c  s t a b i l i t y  and had good r e s i s t a n c e  t o  weld cracking. 
Table V I  l i s t s  the t e n s i l e  p rope r t i e s  and procedures f o r  welded 
1/2-in. 2219-T87 p l a t e  t e s t e d  i n  the "as welded" condi t ion.  Welds 
f o r  a l l  e l e c t r o d e s  except f i l l e r  J (0.27 Zn) approached the s tandard  
p r o p e r t i e s  prev ious ly  noted f o r  2319 f i l l e r .  F i l l e r  J developed 
approximately 2000 psi  lower s t r e n g t h  than 2319 and had t h e  most 
v a r i a t i o n s  i n  r e s u l t s  obtained f o r  fou r  t e s t s .  These marginal 
d i f f e r e n c e s ,  however, d i d  no t  appear t o  be caused by d i f f e r e n c e s  
i n  e l ec t rode  chemistry, Neither z inc  o r  cadmiun, i n  amounts 
shown, notably inf luenced the mechanical p r o p e r t i e s  o f  welds i n  
2219 p l a t e .  
c 
I 
I 
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4. Predicted Corrosion Behavior 
Figure 24 compares the s o l u t i o n  p o t e n t i a l  results f o r  
F i l l e r  K (1.0 Zn) and 2319 weldments i n  t h e :  (1) as-welded, 
(2 )  welded and aged, and (3)  welded, s o l u t i o n  heat t r e a t e d ,  cold I 
water quenched, and aged condi t ions.  Welds w i t h  F i l l e r  K had only 
a s l i g h t l y  h igher  p o t e n t i a l  than  those w i t h  2319 e l ec t rode .  
the as-welded o r  welded and aged condi t ions ,  both F i l l e r  K and 2319 
I n  I , 
weld beads were ca thod ica l ly  p ro tec t ed  by the heat a f f ec t ed  zone 
and base metal. L i t t l e  s e l e c t i v e  a t t a c k  would normally occur under 
these circumstances. Welds that  were so lu t ion  heat t r e a t e d  and 
aged, however, exhib i ted  the most d e s i r a b l e  condi t ions because the 
weld, heat a f f ec t ed  zone, and base metal were a l l  a t  about the 
same s o l u t i o n  p o t e n t i a l .  
Solu t ion  p o t e n t i a l s  f o r  welds w i t h  F i l l e r  J ( .27  Zn) and 
F i l l e r  L ( .23  Cd) were between those of F i l l e r  K and 2319. 
w i t h  a l l  experimental  f i l l e rs  should e x h i b i t  t h e  same good 
cor ros ion  performance a s  now obtained w i t h  2319 e l ec t rode .  
cor ros ion  performance must be determined, however, by exposing 
welded panels  t o  appropr ia te  cor ros ion  environments. 
Welds 
Actual 
5. Metal Fume Toxic i ty  
Cadmium can become q u i t e  t o x i c  i f  heated high enough t o  
a l low the formation o f  cadmium oxide fumes. Severe r e s p i r a t o r y  
ai lment ,  and even dea th ,  may r e s u l t  i f  concent ra t ions  i n  excess  of  
the allowablz threshold  l i m i t  of .1 mg CdO/m3 are breathed f o r  
prolonged per iods  of t i m e .  Because of  t h i s  danger, Alcoa's 
I n d u s t r i a l  J3ygiene group was asked t o  sample the dus t  and fumes 
generated near  the ope ra to r ' s  b rea th ing  zone dur ing  gas metal a r c  
welding with F i l l e r  L (2319 + .23 C d ) .  
a t  280 amps cu r ren t  w i t h  no room o r  l o c a l  exhaust v e n t i l a t i o n  i n  
o rde r  t o  r ep resen t  t h e  worst poss ib l e  welding condi t ions  encountered. 
Two samples were c o l l e c t e d  
#- 
These samples had cadmium ide  
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ncen t r a t ions  o f  4.4 and 6.9 mg/m3, 
r e spec t ive ly .  
th reshold  l i m i t  of 0.1 mg CdO/m3, i n d i c a t i n g  t h a t  r i g i d  v e n t i l a t i o n  
procedures need t o  be observed f o r  safe welding w i t h  t h i s  e l ec t rode .  
Because of t h i s  hazard, and the f a c t  that  z inc  a d d i t i o n s  were a s  
e f f e c t i v e  a s  cadmium f o r  a r c  s t a b i l i t y ,  i t  was decided t o  d iscont inue  
any f u r t h e r  t e s t i n g  with the cadmium-containing f i l l e r .  
These values  were 44 t o  69 t i m e s  the  allowable 
Zinc is  n o t  a t ox ic  metal, but noxious metal fume f e v e r  can 
result i f  z i n c  o r  magnesium fumes a r e  inhaled i n  amounts exceeding 
the  threshold  l i m i t  o f  15.0 mg/m3. Ch i l l s ,  f eve r ,  and nausea 
usua l ly  occur wi th in  f o u r  t o  eight hours a f t e r  exposure and 
d isappear  almost i nva r i ab ly  wi th in  24 hours. Normal exhaust 
procedures,  as recommended i n  r e fe rence  11, should provide adequate 
p r o t e c t i o n  for e l e c t r o d e s  w i t h  z i n c  o r  magnesium. 
E. C h a r a c t e r i s t i c s  o f  2319 + Zinc Elec t rodes  
Zinc, when a l loyed  w i t h  2319 i n  amounts o f  0.25-1.0 p e r  cent ,  
provides  an improved e lec t rode  f o r  gas metal-arc welding of 
2219 p l a t e .  Arc s t a b i l i t y  is notably improved over t h a t  f o r  
conventional 2319 because e a s i l y  v o l a t i l i z e d  z inc  vapors are 
r e a d i l y  ionized t o  provide an abundance of p o s i t i v e  ions  f o r  main- 
t a i n i n g  t h e  reverse p o l a r i t y  a r c .  
cracking, weld t e n s i l e  p rope r t i e s ,  and p red ic t ed  cor ros ion  
behavior are not  adverse ly  a f f e c t e d  by the added z inc .  Because 
o f  t hese  outs tanding  f ea tu res ,  e l e c t r o d e s  J (.27 z n )  and K (1.0 
Zn) were redesignated a s  experimental a l l o y s  m88 and ~ 7 8 9 ,  
r e s p e c t i v e l y ,  and s e l e c t e d  for further comparison tests w i t h  2319 
f i l l e r .  Five pound q u a n t i t i e s  of 1/16-in. diameter ~ 7 8 8  and ~ 7 8 9  
were s e n t  t o  M r .  D. Daley, Marshall Space F l i g h t  Center f o r  h i s  
eva lua t ion .  
S u s c e p t i b i l i t y  t o  h o t  s h o r t  
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1. Horizontal  Pos i t ion  Welds 
In  o rde r  t o  determine i f  ~ 7 8 8  and ~ 7 8 9  e l ec t rodes  
exhibited notably be t te r  arc s t a b i l i t y  than 2319 f o r  "out of 
pos i t i on"  welding, bead on p l a t e  tests were conducted i n  t h e  - ,  
h o r i z o n t a l  weld pos i t i on .  All e lec t rodes  e x h i b i t e d  the  same range 
of  a r c  s t a b i l i t y  i n  the hor izonta l  p o s i t i o n  as i n  the f l a t  p o s i t i o n ;  
however, bead shape and s i z e  were somewhat more d i f f i c u l t  t o  con t ro l .  
As a resul t ,  weld s e t t i n g s  f o r  2319 f i l l e r  had t o  be very p r e c i s e l y  
"tuned i n "  because of i t s  inhe ren t ly  narrow range of s t a b l e  a r c  
l eng th  and a r c  vol tage.  
shape and contour f o r  2319 were undes i rab le  f o r  normal welding. 
A t  1/4-in. a r c  l e n g t h  and above, weld bead 
The z i n c  conta in ing  e l ec t rodes ,  however, exh ib i t ed  l i t t l e  change 
i n  bead c h a r a c t e r i s t i c s  within the wide range of 1/8 t o  3/8-in. a r c  
l eng th .  T h i s  can be seen i n  the weld bead photographs i l l u s t r a t e d  
i n  Figures 25 and 26. 
2. ShieldinR Gas ComDosition 
A f e w  tests were run  comparing argon a d  heliwn-argon 
s h i e l d i n g  gas mixtures f o r  welding 1~788 and ~ 7 8 9 .  These r e s u l t s  
are shown i n  Figure 27, along w i t h  comparative d a t a  f o r  2319. 
Unlike 2319, the  range of stable a r c  l eng th  and a r c  vol tage  f o r  
z inc  conta in ing  e l e c t r o d e s  was v i r t u a l l y  the same f o r  both pure 
argon and a 65 helium-35 argon mixture. 
however, a vol tage inc rease  of 2-1/2 t o  3 v o l t s  was requi red  t o  
achieve the same a r c  l e n g t h  as  wi th  pure argon gas ,  This r e s u l t e d  
i n  a wider  bead but  w i t h  no t iceably  l e s s  s p a t t e r .  The helium- 
argon mixture a l s o  reduced welding cu r ren t  15 t o  20 amperes f o r  
the same wire feed r a t e  as pure argon, t hus  pe rmi t t i ng  h igher  
mel t ing  r a t e s  t o  be achieved. If the h igher  vol tage requirements 
are no t  a detr iment  t o  "out o f  pos i t i on"  welding, then a 65 heliwn- 
As noted previously,  
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35 argon mixture may prove the best  s h i e l d i n g  gas composition 
. 
f o r  ~ 7 8 8  and ~ 7 8 9  e lec t rodes .  
3. Power Supply C h a r a c t e r i s t i c s  
No s lope  o r  inductance were added t o  the cons tan t  
p o t e n t i a l  source machine used i n  t h i s  i n v e s t i g a t i o n  i n  o rde r  t o  
permit a more v a l i d  comparison t o  be made among the changing 
e l e c t r o d e  compositions. Normally, however, some adjustments i n  
power c h a r a c t e r i s t i c s  are des i r ab le  t o  minimize the  e f f e c t  of 
cu r ren t  v a r i a t i o n  on a r c  length ,  t o  reduce weld s p a t t e r ,  and t o  
improve puddle f l u i d i t y .  For the more f i n a l i z e d  z inc  conta in ing  
compositions, added s lope and inductance appear d e s i r a b l e  t o  
achieve optimum a r c  c h a r a c t e r i s t i c s .  Actual values ,  however, w i l l  
need t o  be determined f o r  each s p e c i f i c  welding job .  
CONCLUSIONS 
1. 
2. 
3. 
4. 
5. 
2319 welding e l e c t r o d e  a l l o y  exh ib i t ed  a narrower range of  
a r c  s t a b i l i t y  than aluminum a l l o y  e l e c t r o d e s  5556, 2014, 
4043, and 4145 f o r  gas metal-arc (MIG) welding 2219 a l l o y  
p l a t e  . 
Additions o f  v o l a t i l e ,  e a s i l y  ionized elements such as z inc ,  
cadmium, o r  magnesium t o  2319 provided e x c e l l e n t  a r c  s t a b i l i t y  
similar t o  the  aluminum-magnesium a l l o y  5556. Zinc was 
p re fe r r ed  t o  cadmium, magnesium, o r  calcium a s  a s t a b i l i z i n g  
a d d i t i o n  because cadmium generated t o x i c  fumes dur ing  welding 
and magnesium and calcium s i g n i f i c a n t l y  increased weld 
cracking. 
~788  (2319 + .25 Zn) and ~ 7 8 9  (23.9 + 1.0 2%) e l e c t r o d e s  
combined d e s i r a b l e  a r c  s t a b i l i t y  f o r  gas metal-arc welding 
2219 p l a t e  w i t h  low s e n s i t i v i t y  t o  cl-acking, high weld 
s t r e n g t h ,  and favorable  weld zone electrochemical  p o t e n t i a l s .  
E lec t rop la t ed  z inc  and cadmium on 2319 wire markedly improved 
a r c  s t a b i l i t y  but i n t e r f e r e d  w i t h  c u r r e n t  f l o w  from the 
con tac t  tube t o  the e l ec t rode .  
Additions of s i l i c o n  (1.2%) o r  bery l l ium (.0004$) t o  2319 
type e l e c t r o d e s  t o  reduce su r face  t ens ion  o f  molten aluminum 
d i d  no t  s u b s t a n t i a l l y  improve a r c  s t a b i l i t y .  S t rength  and 
d u c t i l i t y  of welds i n  2219 p l a t e  were decreased by s i l i c o n  
a d d i t i o n s  t o  the e l ec t rode .  
6 .  
7 .  
8. 
the  
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Solu t ion  h e a t  t r e a t i n g  2319 e l ec t rode  reduced C u A 1 2  p a r t i c l e s  
i n  the wire micros t ruc tures  but d i d  no t  s i g n i f i c a n t l y  improve 
a r c  s t a b i l i t y .  
A 65% He-35$ A r  sh i e ld ing  gas mixture increased ~ 7 8 8  and ~ 7 8 9  
melt-off rates and reduced weld s p a t t e r  w i t h  no apparent 
decrease i n  a r c  s t a b i l i t y .  
El iminat ing zirconium or vanadium t o  reduce segrega t ion  i n  
2319 type e l e c t r o d e  dangerously increased s u s c e p t i b i l i t y  t o  
weld cracking. 
RECOMMENDATIONS FOR FUTURE WORK 
It i s  recommended t h a t  f u t u r e  work be d i r e c t e d  toward e s t a b l i s h i n g  
most desirable z inc  l e v e l  i n  2319 t o  achieve good a r c  s t a b i l i t y ,  
weld mechanical p r o p e r t i e s ,  and cor ros ion  performance. 
accomplished w i t h  t he  following s p e c i f i c  programs: 
T h i s  may be 
1. 
2 .  
3 .  
4. 
1. 
2 ,  
3. 
4. 
Cast one a d d i t i o n a l  2319-type composition conta in ing  0.5 p e r  
cent  z inc  and compare arc s t a b i l i t y  w i t h  e l e c t r o d e s  conta in ing  
0.25 and 1.0 p e r  cent  z inc.  Determine optimum z inc  l e v e l  
needed f o r  good a r c  s t a b i l i t y  and bead shape w i t h  minimum weld 
s p a t t e r .  
Evaluate mechanical p r o p e r t i e s  of welds made w i t h  2319 + z i n c  
f i l l e r s  i n  s e v e r a l  p l a t e  th icknesses  a t  both normal and 
cryogenic temperatures.  S u f f i c i e n t  work needs t o  be done t o  
determine if weld p rope r t i e s  w i t h  t hese  f i l l e r s  d i f f e r  from 
2319 welds given tne  following thermal t rea tments  : ( a s  -T87 
p l a t e  ( a s  welded), ( b )  -T37 p l a t e  pos t  weld aged t o  -T 7, 
and ( c )  -0 o r  -F p l a t e  rehea t  treated and aged t o  - ~ 6 2 .  
Evaluate general  and s t r e s s  cor ros ion  performance o f  welds 
w i t h  the  z inc  containing f i l l e r s  i n  several 2219 p l a t e  
th icknesses  employing the thermal t rea tments  descr ibed above. 
S u f f i c i e n t  work needs t o  be accomplished t o  determine i f  
cor ros ion  r e s i s t a n c e  d i f f e r s  from 2319 welds exposed t o  
var ious  cor ros ive  environments. 
Evaluate f e a s i b i l i t y  f o r  commercially f a b r i c a t i n g  var ious  
e l e c t r o d e  diameters of  2319 w i t h  f i n a l  s e l e c t e d  z inc  l e v e l .  
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TABLE I1 
SELECTED PHYSICAL PROPERTTES THAT INFLUENCE 
WELDING CHARACTERISTICS 
Ioniza t ion  Boi l ing  
P o t e n t i a l  Point Thermionic Work 
Element e.v. (OF) Function ( e , v . )  
Aluminum 5.96 4440 4.00 
Copper 7.68 4700 4.50 
Magnesium 7.61 2030 3.70 
Cadmium 8.96 2625 4.00 
Zinc 9.36 1663 3.60 
Calcium 6.09 1440 2.70 
S i l i c o n  8.12 4200 4.50 
Beryllium 9.28 5020 3.90 
Argon 15.68 -302 - 
Tungsten 8.1 10,700 4.52 
Helium 24.46 -452 - 
I 
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TABLE I11 
PROPERTIES O F  M I G  WELDS I N  1 / 2 - I N .  2219-T87 PLATE WITH 
1/16- I N .  DIAMETER EXPERIMENTAL 2319 TYPE ELECTRODES 
Welding 
F i l l e r  Conditions* 
Allov 
1 
A 
(5.3 C U )  23.0 
B*** 
(3.5 CU) 23.0 
c *** 
(5.2 CU- 
1 .2  si) 22.0 
D 
(4.5 C U )  22.5 
E 
(4 .5  cu- 
2 S i )  23.0 
F 
(2.4 CU- 
4.0 S i )  22.0 
275 
280 
275 
280 
280 
270 
280 
Tensile Test Data** 
Bead On Bead Off 
E l  TS 
( P s i )  
42,180 
38,100 
38 J 950 
37 , 080 
38,200 
36 , 370 
35,120 
2 i n .  
5.2 
4.9 
5.0 
4.6 
5.5 
4.8 
4.0 
10 i n .  ( p s i )  
1.1 40,580 
1 .o 38,100 
1 .0  37,800 
1.0 33 , 920 
1 . 2  37 Y 520 
1 .o 37,870 
0.8 35,050 
*Welded i n  f l a t  pos i t ion ,  one pass  f r o m  each s i d e ,  
employing 60" double V j o i n t  with 1/16-in. land,  16 
t o  20 ipm t r a v e l  speed, X-ray examination revealed 
Class I o r  I1 soundness. 
**Average of four  t e s t s  varied within +lo00 p s i  except 
- f i l l e rs  C and F, which varied within-j-1500 p s i .  A l l  
f a i l u r e s  occurred i n  weld metal. 
***Electrodes s e n t  t o  Marshall Space F l igh t  Center f o r  
: -evaluation. 
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TABLE I V  
COATING THICKNESSES FOR 1/16-1~. DIAMETER 2319 ELECTRODE 
ELECTROPLATED WITH Z I N C  AND CADMIUM 
F i l l e r  P l a t i n g  Avg Cu Avg Zn Avg Cd 
Alloy Time Thic kne s s Th i c kne s s Thickness 
H 2 min 0.0001 i n .  0.00005 i n .  - 
5 min 0.0001 i n .  0.0001 i n .  - 
10 min 0.0002 i n .  0.0002 i n .  - 
I 2 min 0.0001 i n .  - O.OOOO5 i n .  
5 min 0.0004 i n .  - 0.0001 i n .  
10 min 0.0004 i n .  - 0.0002 i n .  
Wire cleaned i n  c a u s t i c  soda and n i t r i c  ac id ,  z i n c a t e  
t r e a t e d ,  f l a shed  w i t h  copper p l a t i n g ,  and e l e c t r o p l a t e d  
with z inc  and cadmium as  ind ica t ed .  
TABLE V 
SURFACE RESISTANCE VALUES FOR 
PLATED AND BARE 2319 ELECTRODE 
Mean Wire Standard 
F i l l e r  Surface Resistance Deviation Avg Po ten t i a l  
A 1  1 oy P l a t i n g  (Microhm) * (Microhm) * Drop ( V )  ** 
2319 None 24.1 3.64 015 
H .0001 i n .  Zn 60.2 14.8 35 
30 I .0001 i n .  Cd - - 
"Determined with su r face  r e s i s t a n c e  measuring apparatus  repor ted  
under Task Order M-ME-TLA-AL-3 
**Measured average vol tage drop between con tac t  tube and welding 
e l ec t rode .  
-36- 
TABLE V I  
WELD CRACK SENSITIVITY OF 
2319 TYPE WELDING ELECTRODES WITH 2219 PLATE 
F i l l e r  Alloy 
231 9 
J pT788(.27 zn )  
K M789(1.0 Zn) 
L ( . 2 3  C d )  
M (0.12 Mg) 
N (0.53 M g )  
0 ( - 2 0  ca) 
P ( . l o  T i ,  .01 
. lo  z r )  
Q '(.09 T i  .OO 
-00 z r j  
In .  of Weld Cracking* S e n s i t i v i t y  
Cont. Test Disc. Test  Rating 
A 
A 
A 
A 
A 
C 
B 
C 
"Duplicate tes ts  agreed wi th in  +1 inch  from - 
repor ted  average values. 
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TABLE V I 1  
PROPERTIES OF M I G  WELDS I N  1 / 2 - I N .  2219-T87 PLATE 
WITH 1/16-1~.  DIAMETER EXPERIMENTAL 2319 TYPE ELECTRODES 
F i l l e r  
Alloy 
2319 
(6.2 C U )  
J 
(6.4 CU- 
.27 Zn) 
K 
(6.4 CU- 
1.0 Zn) 
L 
Tensi le  T e s t  Data** 
Welding Bead On Bead O f f  -
Conditions* TS YS $ E l  TS 
volts ~ m p s  ( p s i )  ( p s i )  2 i n .  10 i n .  ( p s i )  
23.0 
22.5 
23.0 
23.0 
42,180 - 5.2 1.1 40 , 580 
39,850 36,300 4.8 1.0 36,720 
42,080 35,200 6.0 1.2 38,320 
41,180 36,050 5.2 1.0 38,000 
(6.3 CU- 
.23 Cd) 
"Welded i n  f l a t  p o s i t i o n ,  one pass from each s ide ,  employing 
60" double V j o i n t  with 1/16-in. l and ,  16  t o  20 ipm t r a v e l  
speed. X-ray examination revealed Class I o r  I1 soundness. 
**Average of f o u r  t e s t s  varied within + 1000 p s i  except 
- f i l l e r  J, which var ied  within + 2000-psi. F a i l u r e s  occurred 
e i t h e r  a t  t he  weld-base metal i n t e r f a c e  o r  i n  t h e  weld metal. 
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Figure 2 - Alcoa T-Joint weld cracking specimen 
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Fig. 10 - Arc Stability for 1/16 in. diameter 2319 and 5556 Electrodes 
with 100% Ar and 65% He-35% Ar Shielding Gases 
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5 OOX Keller's Etch 
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4145 Electrode 
500X Keller's Etch 
2014 Electrode 
Figure 11 - Cross section microstructures of 1/16 in. diameter aluminum alloy 
electrodes in the a s  fabricated condition. 
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Distance Across Arc 
Fig. 12a - Diagrammatic Representatio of Potential Distribution 
Across a Direct Current Arc ’)I 
E lectrons 
Fig. 12b - Illustrates Charge Carrier Flow of Direct Current 
Reverse Pilarity (Electrode Positive) Welding Arc 
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Figure 13 - Longitudinal section microstructures of 1/16 in. diameter 2319 
electrode in a s  fabricated and solution heat treated and aged conditions. 
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Fig. 14 - Arc Stabilityfor 1/16 in, diameter Modified 2319-Type 
Electrodes (Cu, Si, Be) 
Keller's Etch 8X 
Figure 15  - Cross  section of fractured 2 pas s  weld specimen in 1/2 in. 
2219-T87 plate with Filler B (3.5% Cu) 
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Figure 17b - Cross section of 1/16 in. 2319 electrode electroplated 
with Cu and Cd (5 rnin. Cd plating). Filler I 
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Figure 19 - Photograph of weld beads deposited by Zn and Cd coated 
23 19 electrode 
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Mag. lox Etch: Keller's 
Figure 21a - Shows the weld region in 2219 plate welded with Filler K 
(2319 + 1 . 0  Zn). Specimen cracked 1/2 in. 
Mag. lOOX Etch: Keller's 
Figure 21b - Shows the grain size of the cracked region 
in the above specimen at higher magnification. 
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Mag. lOOX Etch: Keller's 
Figure 22 - Shows the grain s ize  of the cracked weld region 
in 2219 plate welded with 2319 filler. 3-1/2 inches 
of crackinn occurred. 
Mag. lOOX Etch: Keller's r /  
Figure 23 - Shows the grain size of the cracked weld region 
in 2219 plate welded with Filler P (. 10 Ti, . 01 V, 
. 10 Zr). 13-1/4 inches of cracking occurred. 
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Figure 25 - Photograph of weld beads deposited by 2319 and M789 
(2319 + 1.0 Zn) fillers in flat position 
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